A set of nanocomposite thin films consisting of Au nanoclusters dispersed in a TiO 2 dielectric matrix were deposited by reactive magnetron sputtering, and subjected to thermal annealing in vacuum, at temperatures ranging from 200 to 800 ºC. The obtained results show that the structure and the size of Au clusters, together with the matrix crystallinity, changed as a result of the annealing, and were shown to be able to change the optical properties of the films and keeping good mechanical properties, opening thus a wide number of possible applications. The crystallization of the gold nanoclusters induced by the annealing was followed by a systematic change in the overall coating behaviour, namely the appearance of Surface Plasmon Resonance (SPR) behaviour. This effect enables to tailor the thin films reflectivity, absorbance and colour coordinates, contributing for the importance of this thin film system. The different attained optical characteristics (reflectance values ranging from interference to metalliclike behaviours and colour varying for interference rainbow-like to several tones of red brownish), associated with a reasonable mechanical resistance of the coatings (good adhesion to different substrates and hardness values ranging from 5-7.5 GPa), induce the possibility to use this film system in a wide range of decorative applications.
Introduction
Decorative surface treatments of consumer goods have a high interest, because of their wide possibility for application in different industrial branches. In this domain, vacuum-based methods (PVD, plasma-CVD, etc.) have established themselves in the actual market as important competitors to lacquering and electrochemical classic processes [1, 2] . In a general way, at the surface of decorative objects, two different M a n u s c r i p t 2 physical processes can be responsible for the appearance of a particular surface tone aspect: interference and intrinsic colours, which are generated via selective phenomena of absorption and reflection of light [2] . An intrinsic colour can be reached, among others, by the activity of the so-called Surface Plasmon Resonance (SPR) phenomena on nanocomposite thin films [3] , as it is the example of metallic nanoparticles dispersed in dielectric amorphous mediums [4] . An important feature that contributes for the variation of the SPR effect is the change in the inter-grain distances of the metallic particles dispersed in the dielectric medium, by changing their matrix population.
Furthermore, a wide range of chemical-physical properties can also be reached in these nanocomposites films by varying the morphology of these particles [5, 6] . Among the most common features, one can include the size, distribution and shape of the nanoparticles. A strong local field effect arises from the dielectric confinement and shows a maximum at the so-called SPR frequency where the quantized collective motion of the confined free electrons is resonantly-coupled to the incident optical field, yielding characteristic absorption bands [6] . However, only metals with free electrons (e.g. Au, Ag and Cu) possess Plasmon Resonances in the visible spectrum, which can give rise to intense and attractive colourations [7] . It is known that these metals offer a quasi-free-electron behaviour on the UV-visible range. Gold nanoparticles (GNPs) are commonly selected as a cluster to reach the SPR effect on TiO 2 dielectric matrixes, as it is the case in the present work.
As already mentioned, the optical properties of these nanocomposite-like films have a critical dependence on the GNPs microstructure, size, shape and volume factor, but also on the dielectric properties of the host matrix itself [8] [9] [10] . This dependence can be used in a wide range of high technological applications, including the decorative A c c e p t e d M a n u s c r i p t 3 field (gold particles provide different colours in roman glasses and medieval cathedrals windows for centuries), but also as colour filters [11] , bio and optical sensors [3, 12, 13] absorption elements of solar cells [12] , electrical/thermal conductivity [12] , antibacterial [14] , etc. Anyway, most of these sensor applications rely on colloidal solutions, which may represent restrictions for some applications, and thus opening some widows of opportunity for the thin film-based technologies, such as the one mentioned in the present work: reactive magnetron sputtering.
The preparation of materials where metallic nanoparticles are dispersed in nonaqueous dielectric media (latex, polystyrene, TiO 2 , SiO 2 , etc…), using for example PVD (where the specific technique used in this work is included) or CVD technologies, is actually becoming one of the most important fields in specific areas of materials science, integrating a new aim for the use of nanoscience and nanotechnology [3, 14, 15] .
When nanocomposite thin films, such as those of Au dispersed nanoclusters in dielectric TiO 2 , Au:TiO 2 , are deposited by sputtering, the changes of the deposition parameters and post-deposition annealing treatments, can offer some possibilities to change all, or part, of the key factors influencing the optical behaviour, and thus improving their competitiveness in relation to the electrochemical baths, due to be a non-polluting technique. The great advantage will be to allow overcoming the restrictive normatives that are being applied on the decorative and protector electrochemical films industry.
Nevertheless, the use of such nanocomposite films needs a fundamental understanding of their properties if their suitability for a particular purpose is to be envisaged. There is a general agreement in literature that the performance of coated devices and components in any real application is mainly determined by the properties of near-surface layers [16] . This implies that the solutions to achieve a coating tailored M a n u s c r i p t 4 for a particular application in the decorative field will essentially depend on the ability to achieve a suitable performance concerning optical as well as mechanical properties.
In order to maintain or increase the lifetime of a particular decorative coated object/device, hardness as well as the coating adhesion levels have been extensively adopted as fundamental properties for quality and process control.
Taking all the above into account, the main goal of the present work was thus to prepare Au:TiO 2 nanocomposites coatings and to study their optical behaviour as a function of the structural features that resulted from different annealing temperatures.
Taking into account the possibility to use such nancomposites in some of the already mentioned applications, a detailed study of their functional properties will also be carried out and correlated with the structural features.
Experimental Procedure
A batch of Au:TiO 2 thin films was deposited onto silicon (100) and quartz substrates by dc reactive magnetron sputtering, in a laboratory-sized deposition apparatus. Two vertically opposed rectangular magnetrons (unbalanced of type 2) were disposed in a closed field configuration in the deposition chamber. Only one electrode was powered, composed of a titanium target (99.6 % purity), with 8 Au pellets (with a angles of 0 and 20° [18] . All coatings were characterized by X-ray diffraction (XRD), using a Philips PW 1710 diffractometer (Cu-Kα radiation), operating in a BraggBrentano configuration. XRD patterns were deconvoluted, assuming to be Voigt functions to yield the peak position, integrated intensity and integrated width (IntW).
These parameters allow calculating the interplanar distance, preferential orientation and grain size.
Optical properties (Transmittance-absorbance) were characterized using a UV-Vis- Revetest Scratch tester (CSM Instruments). The visual study of the scratch has been done using 100 and 500 magnifications in the optical microscopy [19] . Nanoindentation on the films was performed on a MicroMaterials apparatus, equipped with a diamond Berkovich indenter. Hardness and elastic modulus were determined from the load versus depth data. The peak load used was 0.8 mN. The values reported here were averaged ones from 2 series of 15 indentations carried out in two different zones of the coated sample.
Results and discussion

Composition and structure
The Au concentration in the samples, studied by EPMA, was found to be close to The cross-section morphology of the films, studied by SEM, is shown on Fig. 1 .
From the observation of this micrograph, it is clear that the film grows in a compact and dense featureless structure, without any special characteristics -featureless growth.
M a n u s c r i p t 7 Important to note also is that, in spite of the small round features observed in SEM micrographs, the use of backscattering electron images undoubtedly showed that no Au agglomerations signs were detected, at least within the 2 nm maximum lateral resolution of the used SEM instrument. Very similar results were also observed in the annealed samples, which gave no conclusive results about the morphological variations that may occurred as a result of the annealing process. In order to check for clear evidences of any (micro)structural changes, which could then be used to correlate with the overall coatings behaviour, an extensive set of XRD experiments were carried out. The diffraction profiles have been studied in the as-deposited and in the annealed samples. Furthermore, a careful observation of the XRD patterns shows also that the initial broad Au (111) peak, which starts to be detected at an annealing temperature of 300 °C, becomes sharper with the annealing treatments, as a result of the grain growth, probably A c c e p t e d M a n u s c r i p t [21, 22] . The access of this nanocomposite structure up to 500 ºC should be responsible for the appearance of SPR activity, which can be used to tune some of the film properties, namely the optical ones, as it will be shown later on in this text. On the other hand, it is not entirely clear the role of the structural transformations of the dielectric matrix, TiO 2 , from amorphous to crystalline and from anatase to rutile, which was detected between 500 and 800 °C.
Anyway, the overall set of results that were obtained in the frame of the present work seems to indicate that the structural changes indexed to the Au clusters may be more important for the SPR activity. As it is further detailed on the following sections, the first evidences of the Au crystallization (300 ºC) are found to correspond also to the main changes on the optical properties (reflectivity, colour and absorbance).
In terms of results summary, this first set of data indicates that the samples can be arranged in three different groups, which will have also a correspondence in the optical and colour measurements, as it will be discussed on following sections. where the average grain size is within 3 nm to 10 nm [13] . At temperatures below 300 °C no important SPR activity has been found, where the size of Au clusters are too small to be considered as a phase crystal structure dispersed on the dielectric matrix.
Optical properties
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The influence of the Au clusters size embedded within the dielectric matrix on the SPR activity was accessed by reflectivity, absorbance and colour measurements.
Different reflectivity behaviours were found in the annealed samples, when compared to the as-deposited ones. The interferometric behaviour disappears at 300 ºC as can be observed in Fig. 4 , and corresponding in fact to the change from the set of samples group I to those from group II, as stated in the previous section. The reflectance spectra As stated above, there is a straight correlation between these changes and the XRD results. In fact, the disappearance of the interferometric features in the reflectance spectra occurs at the same annealing temperature where the Au crystallization starts to be detected (change for the set of samples indexed to group II), promoted by Au clusters coalescence, which seems to confirm the major role of gold morphological and structural changes in the films behaviour. In these conditions, Au is most probably As evidenced in Fig. 2 , associated with the first change on the reflectivity trend, a broad peak positioned at 2  38° was detected in the XRD pattern, which was indexed as Au (111) planes. At higher temperatures, the Au (111) XRD peaks become narrower and more intense, indicating higher crystal sizes (Fig. 3) , which is followed by the increase of the reflectivity and the complete vanishing of the interference bands (Fig. 4) .
A more detailed analysis of the changes in colour with the thermal treatment was accessed by studying the CIELab colour analysis. As shown in Fig. 5 , the change from the interference tones towards the intrinsic red-brownish, is followed by a significant increase of the a* parameter (redness) and a slightly increase of b* parameter (yellowness) of the CIELab scale. The most abrupt change in the a* parameter is detected in the 300 °C annealed sample, again coincident with the Au precipitation and the transition from interference to intrinsic behaviour shown in the reflectivity curves (transition to samples from zone II). It can be stated that the larger is the change on the colour parameters, the larger the change on the reflectivity values reported on Fig. 4 .
M a n u s c r i p t
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In order to enhance the Surface Plasmon Resonance (SPR) activity, which should be related with the optical changes above described, absorbance measurements (A = log 1/T) were also carried out in the overall set of samples. SPR is manifested as a distinct peak in the absorbance spectrum [4] , and has been reported in several nanocomposite materials through the localization of an absorbance band on the visible wavelength range [4, 8, 11, 20, 25, 26] . Figure 6 shows the absorbance behaviour of the analysed films.
As it would be expected from the complementarities between reflectance, absorbance and transmittance, the differences in the intensity observed on the reflectivity curves are in good agreement with the absorbance curves. Globally, at the same wavelength, higher reflectivity is linked to lower absorbance intensity. The changes in the absorbance spectra can be detected already at 300 ºC, also confirming the first crystallization evidences through the Au clusters precipitation. Important to emphasise is that the SPR activity starts to develop for temperatures above 200 ºC and becomes higher at higher temperatures. At temperatures above 500 ºC, the transmittance of the sample is close to 0 for a wide range of wavelength values, so the absorbance cannot be measured accurately. When the samples were annealed between 300 and 500 ºC, the optical density increases, together with a slightly red shift, already enhanced in the reflectivity measurements. The absorbance peak is shifted from 587 nm to 610 nm. The peak red shift of the Au:TiO 2 samples has to be ascribed to two factors, first the grow of the nanoparticles and the variance in the dielectric constant of titanium oxide matrix that exist as different ratios of amorphous/anatase phases due to the different annealing treatments [4, 27] . So the matrix presents a different dielectric constant for each annealing temperature modifying the energy of the SPR absorption, located at larger wavelengths for more crystalline matrixes (higher annealing temperatures).
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In general, the absorption peaks are relatively broad, especially those of samples annealed at low temperatures. It is well known that SPR activity depends strongly upon the nanoparticles morphology, namely the size and shape of the metal clusters [4, 10] .
Thus, peaks broadening may be due to the poor crystallization of the Au clusters and, especially, to the non-uniform clusters shape and distribution. A wide distribution of clusters sizes, which become narrower at higher annealing temperatures, should give rise, as often referred to in the available literature, to the wideness of the absorption peak [20] .
From the overall analysis, it is clear that the same different groups of samples that were indexed on the structural discussion are also present on the optical behaviour study. In fact, the optical properties results show that the same three groups can also be claimed. The first group (as-deposited and 200 °C annealed sample) shows that the samples reveal interference-like behaviour (both in reflectance and absorvance), with a surface tone characteristic of interference coloured materials (rainbow-like aspect). The samples from the transition zone (zone II: 300 and 400 ºC annealed samples) show low absorbance results and the colour tones change clearly to intrinsic-like ones, which can be characterized as light red brownish. Finally, there is a group of samples with higher SPR behaviour (samples annealed at 500, 600 and 700 °C), where there is a clear tendency for the darkening of the surface colour tones. This higher effect of the SPR on the samples annealed at temperatures of 500º C or higher, can be clearly seen on the reflectance (Fig. 4) , colour coordinates (Fig. 5) and absorbance (Fig. 6 ) results. It is important to highlight that TiO 2 films do not show any of these optical changes under the same heat treatment [24] .
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Functional properties
Whenever a decorative application is envisaged, the mechanical properties should also be taken into account. In fact, the coatings have to resist to everyday use and thus hardness and adhesion to the coated objects should play a fundamental role in improving the lifetime. In the present case, these two properties were checked and their variations studied as a function of the annealing temperatures. Table I Two clear inverse trends could be identified for the hardness with the temperature increase, the first up to 400 ºC, decreasing, and the second, increasing, for higher annealing temperatures. The evolution of the hardness can be interpreted as a function M a n u s c r i p t 15 of two main factors, the residual stresses and the Ti-O matrix crystallization. With the conditions used for depositing the coatings (low discharge pressures) sputtered films are usually under compression mainly due to the energetic neutrals bombardment during film growth [28] . During annealing, the compressive residual stresses can decrease and even change their sign for tensile. Firstly, the Au clusters precipitation will promote a decrease of the global specific volume by the atomic arrangement during Au clusters formation. Secondly, during the annealing stress relaxation is expected. During cooling down to room temperature, "new" stresses will be generated resulting from the difference in the thermal expansion coefficient between the coating (α f ) and the substrate (α s ). These stresses should be of tensile type since the α TiO2 (8-12.10
) [29] . Thus, with increasing annealing temperature a tensile stress component is being introduced in the coatings leading to a decrease in their hardness values, as it is well known in the literature [30] .
For temperatures higher than 500 ºC, the crystallization of the Ti-O matrix takes place and the coatings become more and more crystalline, although keeping a nanometric level. The crystallization is usually associated to an improvement of the mechanical properties of sputtered coatings [28, 29] . This phenomenon will counterbalance the softening induced by the tensile residual stress component leading to a net increase of the hardness for the highest annealing temperatures studied. Similar trend has been observed for the reduced Young´s modulus, a behaviour which is usually connected to an increase in brittleness for a material. [36, 37] .
Generally, the hardness of sputtered Au:TiO 2 thin films is higher than that of similar coatings produced by other methods as sol-gel [38] . However, the nanocomposite films, by PVD or CVD, show in all the cases, values much lower than M a n u s c r i p t 16 the 13.4 GPa reported for the pure TiO 2 tested under similar conditions [39] . The presence of the metal clusters, more ductile relatively to the ceramic matrix of the film, should be responsible for the initial drop of nanohardness [40] .
Regarding the scratch testing behaviour, table I summarizes the evolution of the critical load values, when the scratch test was performed on the glass coated samples.
The classical critical loads, Lc 1, Lc 2 and Lc 3 , are defined respectively as the first crack thin films can be appropriate for decorative applications due to their optical and functional properties.
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